The enediynes, unified by their unique molecular architecture and mode of action, represent some of the most potent anticancer drugs ever discovered. The biosynthesis of the enediyne core has been predicted to be initiated by a polyketide synthase (PKS) that is distinct from all known PKSs. Characterization of the enediyne PKS involved in C-1027 (SgcE) and neocarzinostatin (NcsE) biosynthesis has now revealed that (i) the PKSs contain a central acyl carrier protein domain and C-terminal phosphopantetheinyl transferase domain; (ii) the PKSs are functional in heterologous hosts, and coexpression with an enediyne thioesterase gene produces the first isolable compound, 1,3,5,7,9,11,13-pentadecaheptaene, in enediyne core biosynthesis; and (iii) the findings for SgcE and NcsE are likely shared among all nine-membered enediynes, thereby supporting a common mechanism to initiate enediyne biosynthesis.
The enediynes, unified by their unique molecular architecture and mode of action, represent some of the most potent anticancer drugs ever discovered. The biosynthesis of the enediyne core has been predicted to be initiated by a polyketide synthase (PKS) that is distinct from all known PKSs. Characterization of the enediyne PKS involved in C-1027 (SgcE) and neocarzinostatin (NcsE) biosynthesis has now revealed that (i) the PKSs contain a central acyl carrier protein domain and C-terminal phosphopantetheinyl transferase domain; (ii) the PKSs are functional in heterologous hosts, and coexpression with an enediyne thioesterase gene produces the first isolable compound, 1,3,5,7,9,11,13-pentadecaheptaene, in enediyne core biosynthesis; and (iii) the findings for SgcE and NcsE are likely shared among all nine-membered enediynes, thereby supporting a common mechanism to initiate enediyne biosynthesis.
C-1027 ͉ neocarzinostatin ͉ phosphopantetheinyl transferase T he enediyne antitumor antibiotics are among the most cytotoxic natural products ever discovered and have been actively pursued for their potential utility in cancer chemotherapy with two, calicheamicin (CAL) and neocarzinostatin (NCS), currently in clinical use (1) (2) (3) . The enediynes have a common unprecedented structural feature accountable for their potent cytotoxicity: an enediyne core containing two acetylenic groups conjugated to a double bond, harbored within a nine-membered ring exemplified by C-1027, NCS, or maduropeptin (MDP) (Fig.  1 ) or a 10-membered ring such as CAL and dynemicin (4) (5) (6) . To date, there are 11 enediynes that have been structurally elucidated (4, 7) with several more potential enediynes in existence, including two marine-derived compounds hypothesized to originate as enediynes and to undergo aromatization upon isolation (8, 9) and several structurally uncharacterized enediynes that have been predicted based on conserved and apparently cryptic genetic information (10) (11) (12) .
The biosynthetic gene clusters for C-1027 (13) , NCS (14) , MDP (15) , and CAL (16) have been cloned and sequenced, and the first biosynthetic step leading to the enediyne core was speculated to be catalyzed by a new type of iterative polyketide synthase (PKS) that is shared among the entire enediyne family (12) (13) (14) (15) (16) . PKSs catalyze decarboxylative condensation similar to fatty acid synthases (FASs) and likewise share homologous ketosynthase (KS) domains, responsible for decarboxylation and condensation, and acyltransferase (AT) domains, responsible for selection and loading of an acyl CoA (CoA)-substrate to a free thiol of an acyl carrier protein (ACP). The ACP thiol is generated posttranslationally by covalent tethering of the 4Ј-phosphopantetheine (4Ј-PP) component of CoA onto a conserved Ser, and this reaction, catalyzed by a phosphopantetheinyl transferase (PPTase), is essential for initiating catalysis of most PKS and all FAS systems. Unlike FAS, which contain a full set of ketoreductase (KR), dehydratase (DH), and enoylreductase domains to reduce the resulting carbonyl to saturation, PKS can have anywhere from all to none of these activities, resulting in a product with various levels of oxidation.
Bacterial PKSs are often categorized by domain architecture and the iterative or noniterative nature during polyketide formation, and this classification has led to three groupings (17) . Noniterative type I PKS are large proteins with multiple domains forming modules, a minimal module consisting of a KS, AT, and ACP domain, wherein each domain catalyzes a single event during polyketide biosynthesis (18) . More often than not, a single protein harbors more than one module in a type I PKS. Iterative type II PKS consist of domains as individual proteins that together coordinate polyketide formation in trans (19) . In this case, each domain is used several times during the elongation of a single polyketide chain. Iterative type III PKS, also called chalcone synthases, are ACP-independent consisting of a single KS protein catalyzing multiple decarboxylative condensations (20) . Rather recently, several bacterial PKS have been found that do not fit these model systems (21) (22) (23) (24) (25) . For example, several iterative PKS have been discovered that contain one module located on a single protein analogous to fungal PKSs, and many of these PKS have been functionally characterized in heterologous hosts (26) (27) (28) (29) . In addition, bacterial PKS were originally believed to be pantheinylated only by a discrete PPTase, but a PPTase integrated in a probable type I PKS has recently been described (30) , thus resembling yeast FAS that contains a C-terminal PPTase on the ␣-subunit (31, 32) . In both of these cases, the integrated PPTase has clear sequence and structural homology to its free-standing counterparts.
We now report experimental evidence to demonstrate that (i) the enediyne PKS, or PKSE, does indeed have a molecular architecture distinct from all known PKSs and includes ACP and PPTase domains; (ii) PKSE is active in heterologous hosts, producing an enzyme-bound linear polyene intermediate that can be hydrolyzed by a conserved thioesterase (TE) to afford an isolable compound; and (iii) this biosynthetic pathway is shared among the nine-membered enediyne family, thus supporting that a common mechanism is used to initiate enediyne biosynthesis.
Results and Discussion
Bioinformatics Prediction of the Molecular Architecture of PKSE.
PKSE has four probable domains based on sequence homology and putative active site mapping: a KS, AT, KR, and DH, sequentially located on a single protein from the N to the C terminus ( Fig. 2A) . The remaining regions, one located between the AT and KR of Ϸ220 aa and the other residing at the C terminus (Ϸ350 aa), are shared among the PKSE family (minimum of 20% identity) but have no apparent sequence homology to other proteins, as revealed by using bioinformatics analysis (12) . However, the head-to-tail domain organization of PKSE is very similar to that found in polyunsaturated fatty acid (PUFA) synthases involved in eicosapentaenoic acid and docosahexaenoic acid biosynthesis (33) , and the KS and AT domains of PUFA synthases and PKSE show significant sequence homology [supporting information (SI) Fig. 4 ]. In contrast to PKSE, the region between the AT and KR for PUFA synthases consists of up to nine tandem ACP domains (33) (34) (35) . Realizing that ACP is the ubiquitous anchor for all FAS and most PKS processes, we predicted that the central domain of PKSE is in fact a unique ACP. In addition, structural modeling of the C-terminal domain revealed significant similarities with the PPTase Sfp, including the active-site residues critical for Mg 2ϩ coordination and hence PPTase activity (SI Fig. 5 ) (11, 36) . Despite the fact that all biochemically characterized ACP-dependent PKSs to date use a discrete PPTase to activate ACPs in trans, the C-terminal domain was hypothesized to function as a PPTase.
Mapping PKSE Domains and Active Sites in Vivo.
To investigate the significance of the PKSE domains, we used a PKSE complementation system in the C-1027 producer Streptomyces globisporus that had been developed in our laboratory (13) . Inactivation of sgcE, the PKSE gene for C-1027 biosynthesis, yielded a ⌬sgcE mutant strain SB1005 incapable of producing C-1027, the production of which could be restored by introducing a plasmid expressing a functional copy of sgcE under control of the constitutive ErmE* promoter as determined from HPLC and MS analysis. This approach was adopted to probe the role of individual domains of SgcE by preparing site-directed point mutations of residues considered critical for activity and therefore essential for C-1027 production ( Fig. 2 A and 
SI Text).
The catalytic domains that are known to be indispensable for PKS activity were first inactivated to verify their roles in C-1027 biosynthesis. The active-site Cys of the KS domain (C211) and the critical Ser of the AT domain (S659) were individually replaced with Ala, and the SgcE-mutant plasmids pBS1064 and pBS1069, respectively, introduced into SB1005 by conjugation. Fermentation of the resulting strains revealed that both complementation plasmids failed to restore C-1027 production, showing C211 and S659 are essential for SgcE activity and consistent with the designation of KS and AT domains (Fig. 2B) .
Adjacent to the AT domain is a stretch of 81 amino acids with a conserved central Ser (S974) hypothesized as the site of the 4Ј-PP attachment (11, 13) . A second conserved Ser (S860), located near the boundary of the AT and proposed ACP, was also targeted to serve as a control with the expectation that this boundary Ser is not essential for catalytic activity and therefore is not necessary for C-1027 biosynthesis. Each Ser was individually replaced with Ala, and the SgcE-mutant plasmids pBS1071 and pBS1070, respectively, introduced into SB1005. Fermentation of the resulting strains revealed that pBS1071 could not restore C-1027 production, whereas the pBS1070 restored C-1027 production (Fig. 2B) , thus establishing that S974 is critical for SgcE activity and consistent with the designation of an ACP domain downstream of the AT.
The identification of the ACP domain implicates a PPTase is required for PKSE activity. The DxE motif (D107 and E109 of Sfp corresponding to D1827 and E1829 of SgcE) essential for Mg 2ϩ coordination and hence PPTase activity was next targeted for mutagenesis (11, 36) . Both D1827A and E1829A mutations were prepared, and the SgcE-mutant plasmids, pBS1077 and pBS1078, respectively, failed to restore C-1027 production when introduced into strain SB1005, showing these residues are critical for PKS activity and consistent with the designation of a PPTase domain (Fig. 2B ).
Mapping the ACP and PPTase Domains of PKSE in Vitro. To provide further evidence that the central domain functions as an ACP with S974 as the site of 4Ј-PP attachment, recombinant SgcE was produced in Escherichia coli and purified to near homogeneity (SI Fig. 6 ). The protein was subjected to peptide mapping by using a trypsin digest followed by HPLC purification of the proteolytic fragments, and each fraction was analyzed by using electrospray ionization-Fourier transform ion cyclotron resonance-MS (37) . The peptide fragment containing S974 was identified and determined to have a ϩ340 mass shift consistent with a 4Ј-PP cofactor covalently attached to the Ser (apo-SgcE 3,794.00 Da observed, 3,793.90 Da calculated; holo-SgcE 4,134.08 Da observed, 4,134.00 Da calculated) (Fig. 2C) . Upon subjecting the 4,134.08-Da ion fragment to collisionally activated dissociation, the ϩ340-Da modification was localized to the five residues LHMSS, with the latter Ser corresponding to the active site S974 (Fig. 2D) . Finally, subjecting the same ion to infrared multiphoton dissociation for tandem MS, the characteristic elimination signature of a 4Ј-PP cofactor was observed (Fig. 2 E) (38) . This method allowed the monitoring of both the 4Ј-PP elimination fragment ion (261.129 Da observed, 261.127 Da calculated) and the two modified forms of the peptide: the dehydroalanine (3,775.82 Da observed, 3,775.89 Da calculated) and the phospho-serine form (3, 873 .78 Da observed, 3,873.88 Da calculated). Together, the data provide compelling evidence to assign SgcE as an ACP-containing PKS that has an active site at S974.
With the ACP-containing peptide mapped, the complete assortment of SgcE mutants used in the in vivo studies were prepared and analyzed for their effect on the 4Ј-PP mass shift observed for the wild-type SgcE. As expected, the mass patterns of the C211A, S659A, and S860A SgcE mutants resembled the wild-type SgcE, whereas the S974A, D1827A, and E1829A mutations eliminated the observed 4Ј-PP mass shift (summarized in Fig. 2C ). These experiments provided additional support for the designation of an ACP domain and provide direct evidence for the assignment of the C-terminal domain as a PPTase.
Inspired by the ability to map the ACP active site of recombinant SgcE, we prepared an E. coli expression plasmid for NcsE, the PKSE involved in NCS biosynthesis in Streptomyces carzinostaticus (14) , and the protein was purified to near homogeneity (SI Fig. 6 ). Subjecting NcsE to the identical MS analyses that were performed with SgcE revealed S1007, the NcsE equivalent of S974, was also postranslationally modified with the 4Ј-PP cofactor (SI Fig. 7) , thereby strengthening the conclusions deduced from active site mapping of SgcE and consistent with our prior prediction that all PKSE have identical domain functionality (12) .
Phosphopantetheinylation of the ACP in Vitro. The ACP designation was next confirmed by monitoring the incorporation of the 4Ј-PP cofactor directly in vitro (SI Fig. 8 ). We prepared constructs expressing the individual ACP domain of SgcE, a general approach that has been successfully used to elucidate domain function for large multidomain PKS and FAS (39) (40) (41) . Because nothing was known about the structural elements necessary for potential PPTase recognition of this type of ACP, five versions were prepared, ranging from a standard ACP size of 81 amino acids (ACP 81 ) to a long version (ACP 212 ) encompassing the majority of the region residing between the AT and KR. All five versions were heterologously produced in E. coli and purified, and by using HPLC and MS analysis, it was determined that all five proteins were entirely in the apo-form (SI Table 1 ). When incubated with CoA and Svp, a promiscuous PPTase from the bleomycin-producer Streptomyces verticillus (42) , each apo-ACP was quantitatively converted to holo-ACP, whose identity was confirmed by MS (SI Table 1 ), and this reaction occurred in a time-dependent manner, as exemplified with ACP 81 (SI Fig. 8 ). The corresponding S974A mutation in ACP 81 was prepared and, as expected, was unable to be 4Ј-phosphopantetheinylated by Svp, consistent with S974 as the site of 4Ј-PP attachment. Finally, recombinant ACPS, the E. coli PPTase involved in modification of FAS ACP (43) , was prepared and unable to phosphopantetheinylate the apo-ACPs under the identical condition, suggesting that the formation of holo-SgcE during heterologous production is not due to endogenous E. coli ACPS. In total, the data are consistent with SgcE and NcsE being ACP-dependent, and this 
ACP domain is posttranslationally modified by a C-terminal PPTase domain.
Characterization of the PKSE Polyene Intermediate. Because SgcE and NcsE contain a PPTase domain that phosphopantetheinylates the cognate ACP domain, both proteins should be functional, catalyzing polyketide biosynthesis from acyl CoA precursors when produced in a heterologous host without requiring an endogenous or coexpressed PPTase. Indeed, the purified SgcE or NcsE solution was a yellow color, and protein denaturation failed to remove the color from the protein suggesting that the pigment was most likely the result of a covalently bound product to the PKS (SI Fig. 6 ). UV/Vis spectroscopy of SgcE or NcsE revealed multiple absorption maxima between 350 and 450 nm, a profile reminiscent of a polyene (44) , which would be the expected product based on the catalytic assignments of SgcE and NcsE. All SgcE mutants except S860A lacked the color and associated UV spectrum, thus supporting that the phenotype is due to a PKS-bound product and not a cofactor (SI Fig. 6 ).
Exhaustive attempts to isolate sufficient quantity and quality of the PKS-bound product for spectroscopic analysis were met with little success, and therefore we took an alternative approach to generate an isolable SgcE and NcsE product. Found immediately downstream of all PKSE, excluding only within the C-1027 gene cluster where it is separated by six conserved ORFs, is a putative TE (SgcE10 and NcsE10, accession numbers AAL06692 and AAM78011, respectively) with sequence similarity to the family of 4-hydroxybenzoyl-CoA TE that catalyze the final step in the degradation of 4-chlorobenzoate. It was rationalized that this TE would hydrolyze the tethered polyketide intermediate from PKSE to afford an isolable product. Therefore, sgcE was coexpressed with sgcE10 in E. coli, and a bright yellow pigment was observed associated with the insoluble debris, which was readily extracted with organic solvent. HPLC analysis revealed a major peak (Fig. 3AI) with an UV/Vis profile similar to a polyene (Fig. 3B ). An identical phenotype and HPLC profile were observed with coexpression of ncsE and ncsE10 (Fig. 3AII) . In contrast, SgcE mutants S974A and D1827A, when coexpressed with sgcE10, failed to replicate this phenotype and produce the pigment. To ensure that the biosynthesis of this compound was not host-dependent, coexpression of ncsE and ncsE10 was also performed in Streptomyces lividans or Streptomyces albus, respectively, which afforded the identical HPLC profile as that from E. coli (Fig. 3A III and IV) . ϩ ion at m/z ϭ 199.1478, suggesting a molecular formula of C 15 H 18 (calculated m/z ϭ 198.1409) with seven degrees of unsaturation. The UV/Vis spectrum of 1 exhibited three-peak absorption bands at max 355, 373, and 394 nm, indicating the presence of a heptaene unit (Fig. 3B) (44-46) . Analysis of the 1 H NMR spectrum of 1 (SI Fig. 9 ), with the aid of its 1 H-1 H COSY spectrum (SI Fig. 10 ), revealed the presence of a terminal methyl connected to a double bond as a doublet at H2), an olefinic proton at ␦ 6.10 (m, H13), an olefinic proton at ␦ 5.74 (dq, J ϭ 15.0, 7.0 Hz, H14), and 10 overlapping olefinic protons at ␦ 6.18-6.34 (m, H3-H12). Thus, the structure of 1 was deduced as 1,3,5,7,9,11,13-pentadecaheptaene.
To further facilitate structure elucidation by 13 Table 2 ). Incorporation of 13 C-labeled acetate into 1 was 60-70%, as judged by the statistical isotopic distribution from MS analysis (SI Fig. 11 ). Feeding [1-13 C]sodium acetate into the E. coli ncsE/E10 coexpression strain led to the enrichment of the C2, C4, C6, C8, C10, C12, and C14 signals in 1, whereas feeding [2-13 C]sodium acetate into the coexpression strain led to the enrichment of the C1, C3, C5, C7, C9, C11, C13, and C15 signals in 1 as determined from the 13 C NMR spectra (SI Fig. 12 ). The incorporation pattern of acetate units was readily established upon analysis of the 13 C NMR spectra of [1-13 C]-, [2- 13 C]-, and [1,2-13 C 2 ]sodium acetate enriched 1 (Fig.  3 ). Based on these 1 H and 13 C NMR experiments, we were able to assign the proton and carbon signals from C1 to C2 and C13 to C15 (SI Table 2 ). Although we were also able to assign the C13/C14 double bond as E on the base of the H,H-coupling constant (J ϭ 15.0 Hz), the geometry of the other five double bonds in 1 was unclear due to the significant overlap of the 1 H signal at ␦ 6.18-6.34 although the iterative nature of PKSE suggests all olefinic bonds are E configuration.
The structure of the SgcE/E10 or NcsE/E10 product allows us to propose the initial steps involved in the enediyne core biogenesis. First, SgcE or NcsE catalyzes seven rounds of Claisen condensation in an iterative manner with concomitant ketoreduction and dehydration to yield a ACP-tethered 3-hydroxy-4,6,8,10,12,14-hexadecahexaene product (Fig. 3C) . The thioester linkage is subsequently hydrolyzed by SgcE10 or NcsE10 to generate a linear polyene that undergoes decarboxylation and dehydration to afford the fully conjugated 1. Although it is unclear whether decarboxylation and dehydration is catalyzed by E10, the isotopic labeling pattern as a result of this step is consistent with prior feeding experiments with the NCS producer (47) , and it can be envisioned that further processing of the polyene product can lead to an enediyne core intermediate before structural divergence among the ninemembered enediynes (Fig. 3D) .
Cross-Complementation Supporting a Common Mechanism for Initiation of Enediyne Biosynthesis. We finally wished to extend the findings for SgcE and NcsE to demonstrate that all PKSE are likely functionally equivalent, thereby solidifying a common mechanism for initiation of enediyne biosynthesis. This was accomplished by plasmid-based expression of heterologous PKSE gene cassettes within two Streptomyces hosts: SB1005 and SB5002, ⌬sgcE and ⌬ncsE mutant strains devoid of C-1027 and NCS production, respectively (13, 14) . Plasmids pBS1049, pBS5020 (14) , and pBS10005 (15) , which contain sgcE, ncsE, and mdpE (the PKSE gene from the MDP cluster), respectively, were prepared and introduced into SB1005 by conjugation. Using HPLC and matrix-assisted laser-desorption ionization-MS to monitor production, all of the recombinant strains gave [MϩH] ϩ ions at m/z ϭ 844.259 and 846.272, consistent with the molecular formula for C-1027 and its aromatized product and identical to those isolated from the wild-type strain (SI Table 3 ) (13) . Similarly, after introduction into SB5002 by protoplast transformation, all three PKSE expression plasmids were able to restore NCS production, giving a characteristic [M ϩ H] ϩ ion at m/z ϭ 660.3, consistent with the molecular formula of NCS and identical to that isolated from the wild-type strain (14) . Unexpectedly, pBS1088, an expression construct containing calE, the PKSE gene from the CAL cluster (11, 15) , was unable to restore C-1027 or NCS production to SB1005 or SB5002, under the identical condition. However, unlike sgcE (13), ncsE (14) , and mdpE (15) , the functional expression of calE has not been established and it remains to be seen whether the 10-membered enediyne PKSE such as CalE are functionally equivalent to the nine-membered enediyne PKSE.
In conclusion, we have established that (i) the initial steps of enediyne core biosynthesis are catalyzed by the enediyne PKS, PKSE, that is ACP-dependent; (ii) the C-terminal PPTase domain of PKSE functions to phosphopantetheinylate the enediyne PKS by attachment of the 4Ј-PP cofactor from CoA to the ACP; (iii) the nine-membered enediyne PKSE is active when expressed in a heterologous host without requiring an endogenous or coexpressed PPTase and catalyzes iterative decarboxylative condensation, ketoreduction, and dehydration to afford a polyene intermediate that is hydrolyzed by the cognate TE to yield a discrete isolable compound characterized as 1,3,5,7,9,11,13-pentadecaheptaene; and (iv) PKSE is interchangeable within the nine-membered family of enediynes, suggesting that the biosynthesis of the ninemembered enediyne core occurs through a common polyene intermediate that is subsequently decorated in each case via different post-PKS tailoring enzymes. PKSE uses a molecular logic that is distinct from all known PKS and FAS paradigms (17-25, 30 -36) and should serve as an inspiration for the continued search for other fatty acid and polyketide biosynthetic machinery. The characterization of a self-phosphopantetheinylating, functional enediyne PKS will be indispensable for combinatorial biosynthesis and genetic engineering in the quest to generate new enediynes and ultimately the discovery of new enediyne drugs with improved therapeutic index (48, 49) .
Methods
The domain function and organization of PKSE were predicted by using BLAST analysis and comparative protein structure modeling by using Modeller 9v1 (www.salilab.org/modeller). Active-site residues deemed critical for domain function were substituted with Ala by using the QuikChange site-directed mutagenesis protocol (Stratagene). In vivo complementation of the PKSE mutant strains S. globisporus SB1005 and S. carzinostaticus SB5002 and isolation of C-1027 and NCS were carried out as described (13) (14) (15) . All proteins for in vitro experiments were over-produced in E. coli and purified using standard procedures. Detailed procedures are provided in online supporting information.
